In view of the anisotropy, heterogeneity and stress-sensitive permeability in low permeability reservoirs, an analytical well test model was established by introducing the concept of permeability modulus. This model considered the permeability stress-sensitivity, wellbore storage effect, and the skin effect. The perturbation technique and Laplace transformation were used to solve the mathematical model analytically in Laplace space, and the bottom-hole pressure type curves were plotted and analyzed in real space by using the Stehfest numerical inversion.
Introduction
Deposition heterogeneity and some measures adopted during drilling, completion and production operations in reservoirs will cause radially heterogeneous distribution of reservoir properties. In the early 1960s, Albert, Jaisson and Marion firstly proposed a well test model for two-region radial composite reservoirs (Earlougher, 1977) . Loucks and Guerrero (1961) gave an integral equation to describe the pressure distribution in the composite reservoirs based on the study above. Barua and Horne (1987) proposed a well test model for three-region composite reservoirs. In the 1990s, Abbaszadeh and Kamal (1989) , Bratvold and Horne (1990) , and Acosta and Amabastha (1994) extended the well test model for two-region radial composite reservoirs to multi-region reservoirs and put forward a well test model for n-region radial composite reservoirs. Jia (1994) and Jia and Li (1996) proposed a well test model for multi-region radial composite oil reservoirs with variable formation thickness. Considering the fractal distribution of porosity and permeability, Xiang et al (2001) developed a mathematical model for fractal reservoirs with variable thickness and lateral heterogeneity based on fractal theory. Tian et al (2006) constructed a three-region model for radially heterogeneous, composite gas reservoirs. Later Fu et al (2006) established a well test model for multi-region, non-isopachous and laterally heterogeneous composite gas reservoirs. By extending the radial composite reservoir model to multi-region reservoirs and taking into consideration non-uniform reservoir thickness, the established well test models are more suitable for actual reservoirs. However, these models do not take into account the permeability stress sensitivity, which results in deviations when applying them to predict the pressure behavior of stress-sensitive reservoirs. As more and more high-pressure and low-permeability reservoirs have been discovered, it becomes necessary to establish a well test model suitable for this type of stress-sensitive reservoirs. Based on the achievements of the predecessors, by introducing the concept of permeability modulus (Liao and Feng, 2005; Huang et al, 2007) , an analytical well test model is developed for radially heterogeneous and stress-sensitive reservoirs with nonuniform thickness, which takes into account the simultaneous deformation of multi-region reservoirs. The perturbation technique (Pedrosa, 1986) , Laplace transformation, and Stehfest numerical inversion method (Stehfest, 1970; Zou et al, 2007) are employed to solve the mathematical model. Type curves are calculated and plotted and the characteristics of type curves are analyzed.
Mathematical model
The mathematical model proposed in this paper is based on oil reservoir conditions; it is also applicable to gas reservoirs by replacing the pressure term with a pseudopressure term. The mathematical model is based on the following assumptions.
1) The isotropic formation can be divided into n concentric regions. Each region is assumed to be uniform (i.e. the porosity and total compressibility do not change with pressure in each region) and their reservoir and fluid properties are different from each other. The reservoir thickness varies in the radial direction, as shown in Fig. 1 . The greater the value of n is, the closer to the actual reservoir thickness distribution the reservoir thickness h j is. 2) Single phase slightly compressible fl uid and isothermal fl ow. 3) Laminar fl ow in each region and negligible gravitational and capillary effects. 4) Taking into consideration the wellbore storage effect and skin effect. 5) Stress sensitivity exists in each region and the permeability modulus of each region is the same. 6) The well is produced at a constant rate and the pressure in the whole reservoir is equal to p i before production. 7) Assuming that the reservoir properties change abruptly at the interface and ignoring interface width and fl ow resistance at the interface.
There are continuous constraints in the fl ow interface. The pressure at the interface is:
The fl ow rate at the interface is: 
where p i is the initial reservoir pressure; p j is the pressure of region j; p wf is the bottom hole flowing pressure; k 10 is the initial permeability of region 1; h 1 is the formation thickness of region 1; q is the sand face rate; μ 1 is the viscosity of fl uids in region 1; p jD is the dimensionless pressure of region j; p wfD is the dimensionless bottom hole flowing pressure; γ is the permeability modulus; γ D is the dimensionless permeability modulus; r is the radial distance; r D is the dimensionless radial distance; r j is the radius of region j; r w is the well radius; r jD is the dimensionless radius of region j; r nD is the dimensionless
Fig. 1 Schematic of a multi-region and radially heterogeneous reservoir with non-uniform thickness
Based on the above-mentioned assumptions and basic theory of fluid flow in porous media, the following dimensionless differential equation is derived for fluid flow in multi-region, stress-sensitive composite reservoirs. This equation is based on apparent wellbore radius.
(1)
The initial condition can be written as:
The inner boundary conditions, which take into account the wellbore storage effect and skin effect, can be written as:
The infi nite outer boundary condition can be written as:
n r p r t Pet.Sci.(2010)7:524-529 radius of region n; s is the skin factor; t is production time; φ 1 is the porosity of region 1; C t1 is the total system compressibility of region 1; t D is the dimensionless time; C is the wellbore storage coefficient; C D is the dimensionless wellbore storage coefficient; h j+1 is the formation thickness of region j+1; h j is the formation thickness of region j; h Dj is the thickness ratio; M j is mobility ratio; k (j+1)0 is the initial permeability of region j+1; k j0 is the initial permeability of region j; μ j+1 is the viscosity of fl uids in region j+1; μ j is the viscosity of fluids in region j; φ j is the porosity of region j; C tj is the total system compressibility of region j; η Dj is transmissibility factor ratio.
Model solution
The dependence of permeability on pore pressure makes the above fl ow differential equation group strongly nonlinear. It should first be linearized to get the analytical solution to this nonlinear equation group. We introduce the following transformation equation to linearize the equation group:
where ξ jD is a dimensionless dependent variable; t D is the dimensionless time. Substituting Eq. (8) into the well test model, the perturbation technique is used to simplify the equations. Because the dimensionless permeability modulus is usually small, the zero-order perturbation solution is suffi cient. Then the fl ow differential equation becomes:
The initial condition and outer boundary condition are:
The inner boundary conditions which take into account the wellbore storage effect and skin effect become: For simplicity, we plotted and analyzed the type curves for the case of n = 2 here. However, the method proposed in this paper is applicable to the cases of multiple regions.
Figs. 3 and 4 show the type curves of radially heterogeneous and stress-sensitive reservoirs with nonuniform thicknesses. These fi gures show that the fl uid fl ow in reservoirs can be divided into following several stages: 1) Wellbore storage-dominated period. During this period, fl uid fl ow in the composite reservoir is mainly dominated by wellbore storage effect and both the dimensionless pressure and pressure derivative curves display a straight line with a slope of unity. Type curves corresponding to different dimensionless permeability modulus values are almost the same, i.e., the dimensionless permeability modulus has no effect on the shape of type curves during the wellbore storage period.
2) Transition flow period after the wellbore storage period. The duration of this period depends on the wellbore storage factor and skin factor. During this period, type curves considering or not the effect of stress sensitivity begin to separate from each other.
3) Radial flow in the inner region. The dimensionless pressure derivative curve is no longer a straight line with a slope of zero, which is the characteristic of insensitive systems. As time goes on, the departure of any γ D curve from the curve for γ D =0 increases monotonically. The extent of this deviation depends on the value of the dimensionless permeability modulus. It becomes larger for greater values. 4) Transition fl ow period after the radial fl ow in the inner region. The occurrence of transient flow is related to the radius of the inner region. The greater the radius of the inner region is, the later the transient fl ow occurs. In addition, more significant difference in properties between the inner and outer regions (such as mobility and thickness) would lead to longer duration of this period.
The remaining coeffi cients are zero.
Plotting and analysis of type curves
The fl ow chart for plotting type curves is shown in Fig. 2 . 5) Radial flow in the outer region. The dimensionless pressure derivative rises (or drops) as the outer region properties become worse (or better). Similarly, the dimensionless pressure derivative curve is no longer a straight line with a slope of zero but bends upward because of the effect of permeability-stress sensitivity. The bigger the dimensionless permeability modulus is, the more signifi cant the bend of type curves is. It should be noted that at late time, if the dimensionless permeability modulus is big enough, the pressure behavior of an infinite sensitive system is similar to that of a closed insensitive system (i.e. the pressure curve intersects with the pressure derivative curve).
thickness 24.29 m, average porosity 0.06, and reservoir temperature is 105.9 ºC. The well has produced for 3,371 hrs at a rate of 32.3×10 4 m 3 /d before the pressure buildup test and the test time is 1,799 hrs.
The upward buckling of the dimensionless pressure derivative curve at the late time could not be fi tted well using the conventional composite model to explain the pressure buildup data. The model established in this paper was used to explain actual well test data and satisfactory results were obtained. The log-log fi tted curve is shown in Fig. 6 and the fi tted results are listed in Table 1 . 
Fig . 3 Type curve of a radially heterogeneous and stress-sensitive reservoir with non-uniform thickness (Reservoir properties of the outer region are better) Fig. 5 shows the effect of outer/inner region thickness ratio on the type curves of radially heterogeneous and stresssensitive reservoirs when the other parameters are constant. As Fig. 5 shows, for a given dimensionless permeability modulus, the bigger the thickness ratio is, the smaller the pressure drawdown caused by fluid flow in the reservoir is and the smaller is the impact of stress sensitivity on type curves.
Model validation
In this section, a production well is located in a strongly heterogeneous gas reservoir. Relevant parameters of the well are as follows. The well radius r w is 0.0635 m, reservoir 
Conclusions
1) A well test model for a multi-region radially composite reservoir was established, which comprehensively took into consideration the effect of stress sensitivity, wellbore storage effect and skin effect. The Perturbation technique and Laplace transformation were used to obtain the analytical solution to the model. Type curves were calculated and plotted and the characteristics of type curves were analyzed.
2) Stress sensitivity has a little impact on the bottom hole pressure behavior during the early stage. The stress sensitivity begins to affect the pressure behavior (the shape of type curves) after the wellbore storage period. The dimensionless pressure derivative curves during radial fl ow periods in both the inner and outer regions are no longer straight lines with a slope of zero but bend upward because of the permeabilitystress sensitivity. The bigger the dimensionless permeability modulus is, the more significant the extent of bend of type curves is. In addition, when the dimensionless permeability modulus is constant, the better the reservoir properties of the outer region are, the smaller the impact of stress sensitivity on type curves is.
3) The mathematical model proposed in this paper is applicable to both oil and gas reservoirs. Just by replacing the pressure term with a pseudopressure term, the model can be applied to gas reservoirs.
